A computational procedure for long-term beach profile change was proposed and incorporated into a three-dimensional coupled fluid-structure-sediment-seabed interaction model (FS3M), and numerical experiments on long-term surface profile change in a gravel beach were conducted using the improved FS3M to examine the sensitivity of the size of numerical cells and model parameters involving sediment transport. From numerical results, it was revealed that the final beach profile was sensitive to the size of the numerical cells, a wave update interval, and a reference height of the friction velocity. From the investigation of the beach profile evolution, it was found that the improved FS3M is expected to be a useful tool in assessing spatiotemporal surface profile change in a gravel beach.
INTRODUCTION
Beach erosion and its countermeasures are of interest to coastal engineers. For their evaluation, numerical simulation is a useful tool because of the limited capability of measurement devices used in field observations and hydraulic experiments. For accurate simulation, it is necessary to consistently consider dynamic interaction between fluid flows and beach profile evolution because of possible large profile change. Furthermore, infiltration/exfiltration can affect sediment transport in terms of the thickness of the boundary layer and the effective weight of sediment particles 1) . Accordingly, it is also essential to take into account the influences of infiltration/exfiltration. To address these issues, Nakamura and Mizutani 2), 3) developed a numerical model considering the influences of infiltration/exfiltration applicable to fluid-sediment interaction phenomena, which was called a three-dimensional coupled fluid-structure-sediment-seabed interaction model (FS3M). However, it was not practical to apply the FS3M to long-term beach profile change because of high computational cost.
In this study, a computational procedure for analyzing long-term beach profile change is proposed and incorporated into the FS3M. The improved FS3M is applied to hydraulic experiments 4) on long-term surface profile change in a gravel beach. The sensitivity of the size of numerical cells and model parameters involving sediment transport is investigated from numerical experiments, and their optimal values are identified from the numerical results. Furthermore, spatiotemporal beach profile change in the optimal case are examined to demonstrate the usefulness of the improved FS3M.
The three-dimensional coupled fluid-structuresediment-seabed interaction model (FS3M) 2), 3) is composed of a main solver and four modules. The main solver is a large-eddy simulation (LES) model based on mass and momentum conservation equations for incompressible viscous multi-phase flow that considers seepage flow in porous media and beach profile change. The first module is a volume-of-fluid (VOF) module for air-water interface tracking. The second module is a sediment transport (ST) module to compute beach profile change induced by bed load and suspended load. The third module is an immersed-boundary (IB) module for fluid-structure interaction. The fourth module is a finite-element (FE) module for coupled soil-water analysis of the beach. The VOF, ST, and IB modules are connected with the LES model using a two-way coupling procedure, and the FE module is connected with the LES model and the other modules using a one-way coupling procedure. In this study, the LES model, the VOF module, and the ST module were used to deal with beach profile change. In the following sections, an overview of the ST module and the two-way coupling procedure is presented for completeness, and the computational procedure for analyzing long-term beach profile change is described in detail.
(1) Sediment transport (ST) module
The ST module is composed of a bed-load sediment transport model to compute a bed-load sediment transport rate, a suspended sediment transport model to compute the distribution of suspended sediment concentration, a mass conservation equation for sediment to compute beach profile change, and a surface-layer sediment slide model.
In the bed-load sediment transport model, the ith component of the bed-load sediment transport rate qi is calculated from (4) in which vsurf is the tangential flow velocity at a small height of z + (= zsurfvf / w) above the surface of the beach, w is the molecular kinematic viscosity of water, ks + = ksvf / w is the roughness Reynolds number, ks (= 2.5d50) is the equivalent roughness, (= 0.4) is the Kármán constant, and A (= 25.0) is the van Driest damping factor. Here, the value of vsurf is calculated from flow velocity computed in the LES model.
To calculate the value of vb in Eq. (1), consider external forces acting on a single non-cohesive uniform-size sphere as a sediment particle as follows:
[1] Submerged weight of the particle W:
[2] Turbulent resistance force FD and the lift force FL due to the bottom flow velocity:
[3] Resultant force Fw of the laminar and turbulent resistance forces due to infiltration/exfiltration flow velocity w: is the shading coefficient for the infiltration/exfiltration flow velocity, w is the density of water, and s is the density of the particle. Here, the vertical seepage flow velocity at a small depth of zw below the surface of the beach is interpolated from that computed in the LES model and used as the value of w. Although the detail is not presented here, the value of vb can be determined from the equilibrium of the forces and the geometric relationship between Cvfvf, vb, and vr.
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(2) Coupling procedure between the main solver, the VOF module, and the ST module Figure 1 shows the two-way coupling procedure between the LES model, the VOF module, and the ST module. Specifically, the procedure is implemented as follows:
[1] The flow velocity vi n and the pressure p n at the nth time step are computed in the LES model. [2] The VOF function F n is computed from vi n in the VOF module.
[3] The suspended sediment concentration C n and the height of the surface of the beach above a reference level zs n are computed from vi n and F n in the ST module. [4] The LES model is implemented again to compute the value of vi n+1 and p n+1 at the next (n+1)th time step from vi n , p n , F n , and zs n . [5] This procedure is repeated until the value of n reaches the number of specific time steps.
(3) Computational procedure for long-term beach profile change As explained above, the two-way coupling procedure is implemented at every time step to ensure fluid-sediment interaction. Accordingly, the FS3M is inappropriate to analyze long-term beach profile change because of high computational cost. However, it seems that large profile change that can affect the wave field is not always formed in a short period except for tsunamis. This suggests that it is not necessarily required to implement the two-way coupling procedure at every time step. From this suggestion, we propose the following procedure for long-term beach profile change ( Fig. 2) :
[3] The LES model is implemented again to compute the value of vi n+1 and p n+1 at the next (n+1)th time step from vi n , p n , and F n . [4] Step 1~3 is repeated under a constant beach profile for a period of tw until the wave field reaches a steady state. F are repeatedly used to compute the value of C and zs for a wave update interval ts.
[7] The updated beach profile zs is applied to the LES model and the VOF module.
Step 1~7 is repeated until a specific time. This procedure was incorporated into the FS3M to analyze long-term beach profile change.
LONG-TERM SURFACE PROFILE CHANGE IN A GRAVEL BEACH
Numerical experiments on long-term surface profile change in a gravel beach were carried out using the improved FS3M to demonstrate its computational capability and usefulness. Figure 3 shows a schematic of the computational domain modeled from an experimental setup of 
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Mizutani et al. 4) . As shown in Fig. 3 , an impermeable horizontal flat bed with a height of 0.185 m was set at the offshore end of the domain. At the onshore end of the domain, an impermeable flat bed with a slope of 1 / 7 was set in front of an impermeable vertical wall, and a 0.15 m-thick flat beach composed of gravel (median grain size d50 = 5.0 mm, density s = 2.65 10 3 kg/m 3 , and porosity m = 0.4) was set on the impermeable slope. Regular waves with a height of 0.06 m, a period of 1.7 s, and a still water depth of 0.4 m were generated toward the beach for six hours. Note that, as shown in Fig. 3 , the x axis with an origin of the initial shoreline is positive landward, and the z axis with an origin of the bottom of the computational domain is positive upward.
For the boundary conditions of flow velocity and pressure in the LES model, the following conditions were used: the slip condition for the surfaces of the impermeable bed, slope, and wall, the Sommerfeld radiation condition for the offshore boundary, and the constant-pressure condition for the top boundary. For the VOF function in the VOF module, the gradient-free condition was applied to all the boundaries. In the ST module, it was assumed that no bed-load sediment was supplied from the seaward end of the beach, and no suspended sediment was supplied from the offshore boundary.
(1) Sensitivity analysis a) Computational conditions
The size of numerical cells, the angle of repose r, the wave update interval ts, the reference height of the friction velocity zsurf, and the reference depth of the infiltration/exfiltration flow velocity zw were changed to examine their sensitivities. Specifically, the following uniform numerical cells were used except in the damping zone: x = 20.0 mm z = 11.5 mm coarse cells; x = 20.0 mm z = 5.78 mm medium cells; and x = 10.0 mm z = 5.78 mm fine cells. Here, x and z are the length and height of the cells. In the damping zone, non-uniform numerical cells with increasing the value of x by 5% to reduce computational cost. The angle of repose r was changed from 30 to 35 at 1 interval because of the lack of available experimental data. The wave update interval ts was changed to the periods of 50, 100, 250, 500, and 1000 waves. The reference height of the friction velocity zsurf was changed from 1.5 z to 3.5 z at 0.5 z interval for the coarse cells, and 2.0 z to 7.0 z at 1.0 z interval for the medium and fine cells. The reference depth of the infiltration/exfiltration flow velocity zw were changed to multiples of z and d50, i.e., 0.5 z, 1.0 z, 1.5 z, 2.0 z, and 3.0d50 to examine which parameter is more appropriate for the evaluatation of zw. In addition, we also carried out comparative cases in which no influence of infiltration/exfiltration was considered. In total, 59 cases were conducted. b) Results and discussion Figure 4 shows examples of the final beach profile after six hours. In this figure, an experimental result of Mizutani et al. 4) is also presented together. From Fig. 4(a) , it is found that the size of the cells significantly affects the final beach profile regardless of the value of zsurf. Specifically, the berm becomes higher and its crest position moves landward for finer cells under a constant value of zsurf. Accordingly, the final beach profile is more similar to the experimental data for the finer cells. Figure 4 (a) also indicates that the final beach profile is sensitive to the value of zsurf as well because the value of zsurf directly affects the bed-load sediment transport rate and the pick-up rate. F more frequently for a smaller value of ts. However, the final beach profile except at the landward slope of the berm is little affected by the value of ts.
From Fig. 4(c) , it is observed that the value of r affects the surface profile of the berm. Specifically, a decrease in the value of r makes the berm slightly higher and its crest position slightly move landward. However, there is little difference in the final beach profile at the seaward and landward sides of the berm. This is probably because the slope of the beach in these areas did not exceed the value of r.
Finally, Fig. 4(d) indicates that the influences of the infiltration/exfiltration have little effect on the final beach profile in the present beach condition.
To determine the optimal values of the size of the numerical cells and the model parameters, the root mean square error (RMSE) of the final beach profile and the difference in the height of the final berm crest hb were calculated from the numerical results. Table 1 lists examples of the values of the RMSE and hb. Although Case 5 is the optimal case in terms of the RMSE, the accuracy of the berm height is insufficient. The opposite tendency can be observed in Case 3. From an appropriate balance between the RMSE and hb, Case 1 was selected here to examine the spatiotemporal beach profile change, which will be explained later.
From these results, it was revealed that it is essential to adopt finer numerical cells and a smaller wave update interval ts in terms of an appropriate balance between predictive accuracy and computational cost. Using such appropriate numerical cells and model parameters, the improved FS3M has a sufficient predictive capability for analyzing long-term beach profile change.
(2) Spatiotemporal beach profile change Figure 5 shows the beach profile evolution in the optimal case (Case 1), which was selected in the previous section. Figure 6 shows the temporal change in the total erosion volume per unit longshore width Ve in the same case as Fig. 5 .
In the first wave update interval ts from 0 s to 
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170 s (= 1.0 ts), it is observed in Fig. 5(a) that the beach around the initial shoreline position is eroded and the berm is formed at its landward side. This results in a rapid increase in the total erosion volume Ve, as shown in Fig. 6 . From 170 s (= 1.0 ts) to 680 s (= 4.0 ts), Fig. 5(b) indicates that the beach at the seaward side of x = -0.13 m is gradually eroded and the eroded gravel is accumulated in the hole formed before 170 s. In contrast, little change can be observed in the form of the berm. Accordingly, the total erosion volume Ve is almost constant (Fig. 6) . From 680 s (= 4.0 ts) to 1190 s (= 7.0 ts), as shown in Fig. 5(c) and (d) , the erosion at the seaward side of x = -0.13 m and the accumulation in the hole continue to occur, and the further accumulation causes the formation of the second berm at the same position as the hole. At this moment, the total erosion volume Ve begins to increase again (Fig. 6) . Finally, Fig. 5(e) and (f) shows that the first and second berms merge each other, resulting in the formation of the large berm in six hours. Simultaneously, the total erosion volume Ve converges to a certain value, implying that the beach profile approaches to an equilibrium state.
From these results, it was confirmed that the improved FS3M is expected to be a useful tool in assessing spatiotemporal surface profile change in a gravel beach, especially the process of beach erosion and the effectiveness of its countermeasures.
CONCLUSION
For efficient numerical simulation on long-term beach profile change, a computational procedure was proposed and incorporated into a three-dimensional coupled fluid-structure-sediment-seabed interaction model (FS3M) 2), 3) . The sensitivity of the size of numerical cells and model parameters involving sediment transport was examined applying the improved FS3M to hydraulic experiments 4) on long-term surface profile change in a gravel beach. From numerical results, it was found that the final beach profile was sensitive to the size of numerical cells, a wave update interval, and a reference height of the friction velocity. Furthermore, these optimal values were determined from a comparison with experimental data measured in the hydraulic experiments, and spatiotemporal beach profile change was examined in the optimal case. From this result, it was suggested that the improved FS3M is expected to be a useful tool in assessing spatiotemporal surface profile change in a gravel beach. However, there were slight differences in the location of the berm crest and the deepest location of the erosion. Furthermore, there still remain issues to be investigated such as the mechanism of the berm formation and the computational capability of the improved FS3M for a sandy beach. It is accordingly recommended that further studies be conducted to address these issues.
